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I i A THIORITICAL MODIL FCR PREDICTING ALUMINUM OKIDE RE’ORDER,SQ‘QLL‘, = S’
. PARTICLE SIZE DISTRIBUTIONS IN ROCKET EXHAUSTS He =/

.

Harvey L. Fein

' Atlantic Research Corporation
Alexandria, Virginia
l' This work was performed for the Jet Propulsion Laborafory,
California Institute of Technology, sponsored by the

ABSTRACT National Aeronautis and Space Administration mud

The model is derived to describe the oxice particle size distribution cobtained

indrically perforated, aluminized, solid propeliant grains.

1owIn Is assumed to occur by diffusion of gaseous aluminuiz and aluminuz oxices

.

to the particle suriace followed Dy a heterogeneous reaction to form condensed oxide, the

cvera.. rite Delng proportional to a coacentration criving force and the particle area.
The particle nucieation rate is assumed constant. Excellent agreement is obtained

icle size Cistributions and the cdistributions precicted by the
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model. This agreezent implies that the distribution is independent of chamber length

—

andé possidly chazber diameter, and cepends upon only one arbitrary parameter characteristic

of the nucleation rate. In terms of the number average particle volume, Vn, the ~ormalized

o r——_ g o,

frequency, f{v,, for the distribution is given by:

1/3]

. 2
£(v) ———g %P [ (6v/V)

Further cenclusions are that oxide condensation progresses to equilibrium in the chawber

and that the nuc.eation wmechanism is not homogeneous for aluminized propellants.

I. INTRODUCTION.

wuny acvanced solid propellant formulations contain metals wihich yield condensed
oxide particles as procucts of combustion. Although the theoretical performance of these
ropellants is geunerally superior to that of non-metalized formulations, the specific

' impulse eiiiciency of metalized formulations may be seriously reduced by the presence

of these corncensed products in the exhaust. This reduction in specific impulse efficiency
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ributed to the lack of interphase thermal and momentum equilibrium

s Zenera..y 8tt
icen the oxide parzacles and the gas phase and to the increased heat losses to the
ccier harceware rosu.ring frow radistion by the particles. Thus, from engineering

workable model which will allow the
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-icle size distribution of the oxice particles. This information

predictien oI the av
{5 rcouired to colculate the specific impulse in efficiencies associated with the presence

x=aust and thus to predict, in the design stage, the
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vmorce which michr be realized from a specific rocket. Therefore, for the
o »

snecific ;. _vses of predicting the particle size distribution of aluminum oxide in
rocke: exnousts ond Soiniaz insight into the mechanism by which these particles are
formed, the taeoretical meodcl wihich is the subject of this taper has been derived.

17. DERIVATICN AND DISCUSSION CF THE MODEL
A. DISCRIZTICON CF TrZ SVYSTIM AND ASSUMPTIONS
—he specific physical geometry for which the model is derived is that of a
rocker chorber consisting of a cylindrically perforated, aluminized, solid propeliant

- e
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. A schenat.c diagrem of this system is pictured in Figure 1. The arrows in the
cre resresent the fiow of combustion products from the burning surface to the main

e ream and dcwn the chazber length. Complete radial mixing is assumed throu hout the
e

low temperature region imzediately adjacent to the propellant
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chozber except
surfzce. In thc main gas stream, plug flow (no axial mixing) of coruustion products is

assuzed to prevei. from the head end of the chamber (x = 0) to thie nozzle entrance (x =1).
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' DU Ly-85

Due to the increase in burning surface area with increasing x, the gas velocity

',;;s: sny X plane must ilncrease with increasing x. It is assumed that the propellant

Surning rate coes not vary with x (no errosive burning), that the decrease in the wmoles
-

oI gas Ircm ccndensation of the oxide is swmill compared to the total moles of gas, &and

chat the chasser cicmeter does not change significantly with time. Thus, the velocity

o the coztustion products is directly proportional to x and given by Equation (1):
wr -8 . RT
U hppr A B x (1)

whare: U = velocity of combustion products (cm/sec)

N = =oles ¢f ras inrroduced into the chamber upon burning 1 gz of propellant
[+ »

assuming thermodynacic equilibrium in the chamber (gm~moles/gm propellant)

£_ = solid propellant density (gm/cm3)

?
r = linesr burning rate of propellant (cw/sec)
& = crnanber or port diameter (cm)

A = chomder OT port cross sectional area (cmz)
R = universal gas constant = 82.057 cc-atw/°K, gm-mole

= chacober temperature (°K)

P = crember pressure (atm)

It is assuzmad that preformed nuclei are introduced into the main gas sireaw
&t the cons:tant rate of a nuclei per sec per cm of chamber length. Therefore, the total

ﬂu...be. (e D4 pa; thles passing any ziven p. < Plane. n » iB given by:
-]

The initial vo.uze of a .ucleus is assumed to be constant and is designated by vo(cm3).

1ly, some assumption wmust be made concerning the rate of growth of an oxide
sarticle. The c.sumption made here is that the rate of growth of a particle, dv/de, 1s

given By L. sinple mass transfer law:

av Y (c-c,) oM
FT > _ 3
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as well
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= an empirical rate constant which will be referred to as the growth

M Ly-§s)

constant (cm/sec)

C = conccatration of the oxide in the gas phase (moles/cc)

C = eguilibrivm concentration of the oxide in the gas phase at the chamber
e
cemperature and pressure (moles/ce)
& = ~guriace area oi a singie particle assuming that the particles are spherical
2
(e=™)
. - . . 3
v = volume of a single particle (em')
M = moleccular weight of the oxide (gm/gm-mole)
. . R . f e 3
o = <demsity of the oxide in the condensed state (gm/cm”)
o = iime (sec)
The Zormulotion gziven Dy equation (3) is a general rate expression for a gas-
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ace w. It is implied by itions of € and Ce.that

sing.e molecular species, which has a gas phase concentration of

uriace, @, and a concentration of C on the bulk stream side of the
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as Al, Al0, Al O and Alzcz

elements, such as Cl, which

cr the case of an aluminized propellant, the oxide,

Any aluminum in the gas phase exists
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CXiCaiion

procucts of other oxidizing

present in the propellant. Thus, in the present case, the growth law of equation

1ST presenting the rate of wmass transfer of any or all of the

cxices
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e surface followed by a heterogeneous chemical reaction at the

n1203

jocuzmented in the review papers of Markstein* and Christensen,

13

to procuce liquid The possibility of particle growth by heterogeneous

l Knipe, and Gordomix,
l *  Markstelin, George H., AIAA J., 1, 550, (1963)
dok =

Cembusticn, ?Preseated at

. C., R. B. Xnipe, and Alvin §. Gordon, Survev of Aluminum Particle

the Meeting of the Western States Section of the Combustion

Iastitute, University of Utah, Salt Lake City, 26 and 27 October 1964.
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- With the above interpretation of the particle growth law, C and Ce become
fictitious quantities. Their computation will be discussed later in connection with
tme conparison of the model to experimental data. Furthermore, the above discussion
notwithstanding, C and € will still be referred to for convenience as concentrations
Zseous oxide. All ol the assumptions necessary for the development of the

mole. have not been set forth.

Z. ZIRIVLTICY CF MOOZL EQUATICNS

£-50Cus Cuide talen over the wm3in gas stream. Consider the emall cCiffereatial element
o chozmber lenzth pictured in Figure 2. The rate of flow of gaseous moles of oxide
. - s Lol S B |
SageTe J, L.ilgerential ~aement \ P
¢ Chazber Length LCAU — | =—— CAU + ™ {CAV) dx
x =0 dxt x =1L

into thils elewmen. {rom the main gas stream is CAU moles/second. The outflow of gaseous
- : : A i et 8 air .

cxlde Lo the w4l Jas stream is Cal + = (CAU) dx moles/sec. Define Ci (zoles/cc) as the

initial concentration (before amy condensation) of the oxice in the zas streaw leaving

the low tenjoriture gas film adiaceat to the propellant surface. Then the flow of

xide into the differential element from the propellant surface is
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Siven by:

RT
N7l [4
Ci\ dpp T P dx

zoles/second.

Now, define a, as the total surface area of all particles passing posicioh X
per seconc. Then, the total particle surface area per cc of chamber volume at position
x is & /as, and the total surface area of all particles in the differential element is
a_Cx/C. Then from equation (3), the total moles of oxide that condenses in the differential
element in one second is given by:

dx
Y(c-ce)‘t U
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Now, referring to the gaseous oxide, the sum of the flows into the differential
Zrom the m=3in gas stream and from the gas film adjacent to the propellant surface

element to the main gas stream must equal the amount that
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condenses, or stated mathematically:

dx
< (%)

e xtes £ BT ax - oy o 2 i
Cio ~ C.NTép 1 3 dx - [CAU + dx(CAU)cix] = y(C-Ce)at

Expanding equaticn (~) and eliminating U by means of equation (1) yilelds:

C.NTdp IRT NTdp rRTx CNTép rRT v (C-C )a AP
- = - p < | 2 - e’ t
' ? ? dx P Nﬁappra'rx (5)
. Cofinme the accoz;.ishzent factor ¢ by:
c.-C
¢ = == (6)
l Ci ce
: and G.50 cefine he maximum driving force, b, by:
L
; ,
6 = -
g Ci Ce ‘ )
i

Thern 5ing the cdependent variable in equation (5) from C to @ and rearranging with

- AT -
AoAl’..u’ ""‘“O"'O -a ¢

the use of equation (7) yields:

a Fat(é-l)
= O%) + = 0 (8)
where:
TS SR o
ATt L NoerT) (9

s

Eguation (&) is the simplest form of the differential equation describing the mass

¥t

balance Ior the gasecus oxide taken around & differential element of the chamber. It
now reniins to Iormulate a, as a function of x and @ and then to find a solution to

equaticn (8. C ce this is accomplished, particle size distributions will be readily

calecuiible in terxs ol the parameters of the model.
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Let v, equal the volume (cc) at x of a particle that was introduced into the

.

. 2
55 stream 8t X = x_, anc let o« ecual the surface area (cm”) of this particle.

-
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v
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a ; are functions of both X and x, and are respectively equal to Vo

-

Since the particles are assumed to be spheres:
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dvi =7 \l_;:' da'i (11)

Further=ore, Irom tne growin law given by equation (3):

V(C-Ce)a.):
v, = ———2_ 43 (12)

o)

»

indepencent variacie from time to distance by use of equation (1):
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- W
Y(C-C ) MAP

cv, =

dx . (13)
DI\'DPI‘HGRTX

£ dv, is eliminuied Setween equations (11) and (13), the resulting equation can be

ween the .imits (ao, xi) and (ai, x) to yield:
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. T ox T v (c-c )¥ep 2
‘ o = 1] dx + Jo_ (14)
" Yx. 2pNp IRTX
1 i 2,
l Finally, intrclucing the accomplishment factor ¢ yields the desired expression for o
r X
1-¢ 2
- d
o'i Q ,Y x x +J’a° (15
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Fro= equation (2), the number of partic1e§ initiated per second over the x
inzerval €x, is n dx,. Therefore, the particle area passing position x pef second of
all particles initiatred over the X interval dxi is noaidxi' Then the total surface
rea of a.l particles passing position x per second (at) is the sumzation of o o dx

oi i
fer all x.'s less than x, i.e.,

. X
a_ = noj o dx an

Zguaticn (17, wita the formulation of oy given by equation (15) is the desired

& as &-Zunction of ¢ and x.

The puoical predlem has now been ccupletely stated mathematically. We turn
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=355 o.aance, equation (8), which satisfies
indary condition. This boundary condition is that at, the particle area passing

position x fer second, is zero at x = 0, and is explicitly stated in the integral equation

C. SCLUTICH COF XNCIZL EQUATICONS

Ixpanding equation (8) and solving for ¢&¢/dx ylelds:

Ei . Fat(l-é) ) 2 "
dx %2 x (18)

Since Dy celinition, ¢ is bounced between 0 and 1, as x gets very large, ©/x approaches

C, and thus, from equation (18), d¥/dx is either O or positive since F, 8., (1-¢), and x

ire all positive quantities. However, as x gets very large, d?/céx cannot remain positive,
for tien ¢ wIull increase without bound. Thus, a physically meaningful solution of
equation (i) wmust indicate that &%/éx approaches zero as x approaches infinity. This

fact suj_cois that ¢ = constant may be & solution to the problem, and this hypothesis
=O0st easily tested by direct substitutiom,

-

I7 equation 18 is solved for a_ assuming & is constant, the result is:

¢ &
% " Fae = . (19)
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is indeed comstant, a is a linear function of x, and equation (17) must also
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how a_ to be a limear Iunction of x. Performing the integration in equation (15) for &
S

ecu..1s coustant, we obtain after squaring the bracket:
o, = QCu-2aniy?s 2y Q- E 4o (20)
- ki [+ xi [o]

Z this expression for o, is substituted into equation (l7) and the integration performed,

2(1-9)2 + ZnSﬂio Q(i-%) + noFo x (21)

_near lunction of x, and, thus, ¥ = ccnstant is a solution to equation (8).
nts in equations (19) and (21) yields the relation between the

acoczplishnnent factor & ané the three parameters Fno, Q, and @

= = 20 2V e-0? v e (1) (22)

The only soiuilion to equation (22) with any physical meaning is the one for

This solution is unique since as & is increased from 0 to 1 while
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the parameters are held constant, the right-hand side of equation (22) decreases
left-hand side .ncreases monotonically. Thus, the left and
Tight-hand sides can nave only one value in common, and this value will correspond to

< unique value of ¢. Also, it can be shown that a value of & between 0 and 1 which is
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a solution of equacion (22) will always exist for any finite values of the parameters
Tn, Q, and @ . as § is increased Zrom 0 to 1, the left-hand side of equation (22)

ncreases Iiim zero to a finite limit while the right-hand side decreases from a finite

- .
[ )

lizit o zero. Since both the left and right-hand sides of equation (22) are continuous
functicns oI ., there will always be some value of & between O and 1 for which the left-

A@’ld Sih C;Lu.s the a‘éht'hand Bid&-
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Since the differential wmass bslance, equation (8), together with its boundary
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v condition. Since & = constant is a soiution of equation (8), and the
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~ful solution to equation (8). Furthermore, this solution
will &lwors exist as should be required of am equation describing a real physical
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TEZ TLOATICLE SIIZ DISTRIBUTION

nat the so.ution ¥ = comnstant s been verified, the number and weight
average parvticle sizes and the Irequency function for the particle size distribution

2 number average particle volume is defined as the total particie

volume In o representative sample diviced by the number of particles in that sample.

.S & Toorescntative sample we taxe all of the particles leaving the rocket chamber im
one seccni. i L is taken to be the chazber length (cm), then the total particle volume

lcaving the chamber is:

L
j OF (xq, L) dx,

where v, (x.,L) is the volume at x = L of a particle initiated at x = x,. The total
- -

articlcs leaving the chamber per second is noL, and thus the number average

"

porticlic volume, Vq, is given by:
4

V. = (23)
Tro= equations (10) amd (15), vi(xi,lb i5 computed to be:

vi'(xi,l.) - T3 [Qa-b)m ot Vo, (24)

10
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in equation (24) and substituting into equation (23) yields for V.

»
Cubislg the bracket

- -

- Q 1-8)> + Q (i-%) J'Of + 5 0' R(1-8) + (oro)

o N L J

3/2

(25)

<t
[]

The weight or volume average particle volume, Vv, for a sample of discrete

as tie sum over aii particles of the product of the volume fractiom

.\—.....

in turn {5 equal to the sum over all particles of the

e i e -
TIZes Tac PATTIC.e Vo.ume. L8lS

£ the volume divideé by the total voluze, i.e.

v = —ii (26)

VoGO TO Al AN eQuaile

= (28) Zor the continuous cistribution of particles leaving the

rocket chamber yieids:

~l L
o 2. I 2
JO nokv: (x, »udi CX, ¢ IVi(X_,,L)} dxi
V. = = — = = = 27
v Jb
LV
o novi(xi,l.)dxi n
Ceobining cquations (24) and (27) gives the desired formulation for Vv:
., _ 2.3 ,..,3 1,52 2 1 5/2 1 3
v, = 7 ¢ G- o+ = [ ¢ Q- G) @+ Q(l-i)ao + 35 9, ] (28)

The censity or Irecuency function, f(;vi(xi,i) » for the particle distri-
nat the probability of obtaining a particle between volumes vy
and v. is given by the intezral of Idv between the limits vy anG Voo This definition
ral of idv between the limits v, and infinity to be equal to
tnity. oJeiline the ¢istribution function, FD<\ vi(xi,Ll>, as the total volume of all

particics. of voluze less than vi(xi,L) which pass the position x = L per second. Then:

. |
Py vi(xi,L)> . L av, (x,,L) dx, (29)
1
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vow, from the ceiinition of £, the voluze of all particles of volume between v = dv/2

and v + Ev/2 is given by nova(v)dv, and thus, F vi(x

D i'Li> is also given by:

OB I" n LvE (v)dv (30)

v
o

whorTe 1t Is understood that v is a function of both x, ané L. Differentisting equation

(3T} with respect to v and rearranging yields the desired relation between £(v) and
Fg(v), namely:
Fi(v) -
(v = 1
= i g (31)

éx,
. - d?!vz i
'D(V) Gx dv (32
i
By dilferentiacting equation (29) with respect to X3
¢T
EM) . LB (33)

i

By differentiating equation (24) with respect to X, and applying equation (15):

&v _ =Q_ o (34)
X, odm Xy

vostituting equations (33) and (34) into equation (32) and substituting the

resulting expression for Fl(v) into equation (31) yields:

. 2Jdn %
T e

Finzlly elizinating x,/L from equation (35) by means of equation (24) and making use

-~

¢I the gecmeivical relation between v and o ylelds the final form of the frequency

fenction:
2,1/6 471,6[(6v)1/3 - (6v )1/3]
f(v) = L 55— €XP 2 (36)
Q(1-¢) (6v) Q(1-%)

12
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- - . ¢ ¢he equations for vn, vv, and f(v) shows that these three

Caominaicn ©
e ASP bar s tend 0 Mt

e chamber length L, and thus the particle size distri-
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bucicn does mot very througnout the entire chamber lemgth. This situation is the |
ies distribution of the particles In the chamber. As the
Lotz t. 5 1. iscrooescd, there will be a larger nuzmber of large particles leaving

o incroased residence time of particles formed at a given

digstance fresm s.o il end of the chamber. rHowever, there will also be a larger number

nazber becsuse the residence time of particles formed

com the cnoamber exit will have been reduced because of the increase
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2T to resulit in a particle size cdistribution independent of L. i

re, it shoull be noted that the range of particle sizes is independent of L.

.ecoretically have an infinite residence time and thus
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o oindind vo.ume while particles initiated at x = L have a8 zero residence time and

upon the origin of the nucleil, the particle size distribution can

also be indenendcnt of the chamber diameter. If all of the nuclei are formed in the

1 3]
O
3

ent to the propellant surface, then, since n is the number
I nuclel Introluced into the chamber per sec per cm of chacber length, no will be

proportional to &. Now, if equation (22) is multipliec by Q, it can be written as:

= & -0 2206 Ve, + ey (37
f\2 no [« [+]

where:

_ JTevar g a8)
1 2px\per'r Y

R, = L[_2 e (39)
a1 Npprnr - Y
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Zcuazica (&) shows XK./XK, to be proportional to d, and if n, is proportional to d, the
- -~
lofz-tond side of eguation (37) is incependent of d. Therefore, the right-hand side of

nt of &, anc consequently, Q(l-3) is indepencent of d. Since
(35) ghcws £{v) zo <orend only on L(i-¢) for a given value of Ve the particle

he chamber diazeter if n, is proportional to d.
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wodel to te vaiid, it is not necessary to assome that a1l of the nucledl

Tor the
are forzed im t..e cas film adlacent to the propellant surface, but werely that 2 be
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forroticn ©f muclel por unit vo.ume would have to be o nstant throughout the entire
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chomier. Cmever, under these concitions n g will be proportional to ¢” and thus the

nat the nucleus size is very small, the wmodel equations

e grieily <izpiifled as follows: Divide the right-hanc side of equation (37) by
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Toe result Is then equal to v, as given by equation (25). We tnerefore have:

v o= L

5o 2w

NaiRy

@
—_ + vV 41
n o (41
°
Simce ooth v and n, can be varied independently of v if vy is allowed to vary, equation
(-2, indicotes that V_ is independent of v, if Vo is small compared to v,- Under these
4

ceniitions, Then, the terns containing o in equations (25) and (28) can be neglected to

v = & Q3(1-§)3, v, <V, (42)

o J’ﬁ
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v 2 Gaed vo«<v, (43)

AN

ived for Q(i-¢) and the result is substituted into equation

(36) while letiling Vi approach zero, £(v) becomes:
] 1/3!
2 ' '
Iv) = N 73 2 73 exp | - (6V/vn) } , vo 0 (44)
Vr (ov) ! i
¢ - -

Maiking use of eguatiom (&%), Vn and Vv can &180 be written as:

1 Ko
LT E T T Yo, (45)

: af K, n

2 o

K,

10 1 & y .
YW R T T » VoY (46)

Ji Kk, =n

N
(<]

It cuan De soen TLal waen v, is small compared to Vn, the ratio of Vv.:o Vn
ooximun value for this ratio since 8s Vo is increased, it will

become s. niiicent compared to V_ before affecting Vv. In the limit as Vo gets very

Tae cencditions under which Vn will be iarge compared to v, are affected by
and thus the physical sigaificance of this parameter is of

Cit. &A T

nce is more easily discernable from the following expanded forwmulation:

K
1 1 ~ . —~, RT M s RT )
— 1 - cocNprid== - = C\Np_1ld— 47
NT p 1P R P e pT TP “n

The fiTst turm on the right-hand side of equation (47) is the condensed volume of

csecus cxide gemerated per unit length of chamber per second. The second term is the

i o 1 1
voluze of this zaterial which remains in the gas phase at equilibrium. Therefore, —— =

Wk,
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is the volumetrric rate of generation per unit chamber length of oxide that would condense

.
.

if concensation progressed to equilibrium. If Ce is small compared to Ci’ as is generally
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oroduced upon burning one gram of propellant
roduced upon burning one gram of propellant

?
{&5) and (46) and tue assumption that n is proportional to d,
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[SPPTEPYIN (W) Ut v e alles o
V_ and V_ are given by
e g C << ¢ <«< Vv 48
. Va T pn ™ e 1 Yo < Vg (48)
r =202 << <<
\v 20 oa Ce Ci’ v, Vv (49)

The volue of @ will depend upon the vaiues of o, and the growth constant, vy.

Tor small values of m anc y, very little condensation will take place and ¢ wiil be

To. Under these conditions, varying T, will not affect (i-%) significantly,

«ne thus wWill not alter the driving force for condensation, so the amount of material that
cle wiil not be affected by m_. However, varying the growth

constant will allect the growth of a single particle even though it will not affect (1-¢).

nerefore, wihen s 1s essentially 0, £(v) will be independent of ng and depend only upon

Aside from the above physical argument, this conclusion

.wn & Is close to zero there will probadbly be significant condensation in the
Tocket nozile., Thus, although the model will apply to the particle size distribution of
the porticles as they Leave the chamber, it will not be applicable to the particles

Leaving the nozzle. In order to apply the model to particles leaving the nozzle, & must

Y

Se cosentit.ly unity. Under these conditions all of the condensable oxide will have
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.3 the distribution will cepend only upon the nuzber of nuclei upon which it

fas condensed. Thus, as indicated by equations (44), (45), and (46), the particle size
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c.stribuction will be independent of vy, and if v, is essentially zero, the distribution

bll’dc;cn;‘ uron only one arbitzary parameter, m .
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The discussion thus far has been concernad only with particle voluzes. Equations
for the numier average particle diameter, D_, and the weight or volume average particle
Ad

€iimeter, D, are now presented without derivation. D and Dv are defined by equations

Ta.D.

D= —— (50)
Zni
\‘n_v.Dl

o, = - (51)
nivi
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ceneril case of thoe model D anc D, are givea by:

o

- L roa-
oy = e +Va ] (52)

v aoz (53)
=y S I ARG 2 37
N 67 (1-6) + 6% (1-%) Jao +3QQ1-8) o +

For the szecial cuse where the nucleus cdiameter I)0 is small compared to D , D_ and D
n’ “n
ven by:
1 1
D = — Q(l-&) = =

) . o
i i

N\
N
Nal e

o \1/3
-;‘-: > (54)
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D= — Q(1-® -
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Nl

1/3
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Nl o

he ratio of Dv to Dn is equal to 4.
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III. CCMPARISON OF THE MCODEL TO EXPERIMENTAL DATA

The mode. will be compared to particle size distributions obtained in wmotor
Iirings condlucted Dy Senhgai* at the Jet Propulsion laboratory. In his work cylindrically
rains were Iired into a stainless steel collecting tank and the particle size

Ciscridbution of the coi.ected a.uminum oxide was determined by photomicrographic techniques.

The propellant fired by Sehgal was composed of 12 per cent aluwminum, 19 per

and 69 per cent ammonium perchlorate. For this propellant,

ecuilibrium combustion product cocmpositions have been caliculated for chamber pressures
o 20 and 117 p3i. TFros these caiculations the various constants required by the wodel

nave oDeen ca.cu.ated and are Listed in Table I.

TAa3lE 1

Puysical Parameters for Model

Chamber Pressure (psi)

= =_ == =ma- -‘--

$Lngal, Lizer:, An Ex-erimental Investipation of a Gas-Particle System,

500 150

? (atz) 34.0 10.2

. T (°K) 3413 3279

. C. (roles/cc) 7.99x 10°%  2.53x 107°
C, (moles/cc) 0.936 x 10°% 0.298 x 1077

l 8 =c, -C, 7.90x 100%  2.50 x 107®
% (moles/gm) ) 0.03382 0.03431

. ¥ (gz/=ole) 101.94 101.94

. o (g='cm) 3.4 3.4
pp(g::/cm3) 1.76 1.76

. r (c=/sec) 0.508 0.343

Tecnnical Report No. 32-238, Jet Propulsion lLaboratory, Pasadena, Calif.
! 16 March 1662.
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ntrocuction, the quantities Ci and Ce are actually *

&
P

fictiticus ond some arbitrary assumption is required for their calculation. The values

Table I were calculated assuming that all of the aluminum in the propellant is

(3]
[-$}

i1 of the aluminuz existing in any form in the gas phase

C, wes calcvlated assuming L.d
at eguilibrium oxists as A1203 £3s.

cllant grains fired dy Sehgal had an initial port diameter of 2-inches

wness of 3-inches. Thus, during the firings the port diameter increased

from 2 o S-inches. DSepending upon the origin of the nuclei, as discussed earlier, this

<
[$)
3]
3
(&
(4}
>
O
4]
»
e
€
It
b
<
(o4
"
EI
l
“
[e]
(4]
o
rh
*h
~
4]
re
(2]
b 3
n
~!
|1
41
r
pi
0
>
419
/]
v
3]
(1]
0.

istribution. Nevertheless, for

the cozpariscn of the wodel to the cata, an average G of 3.75-inches (%.53 ¢m) has been

oms.es o the particles collected by Sehgal at chamber presc..res of 500 and
150 psi were forwarded to this laboratory. These particles were dispersed and photo-

. cuidized to AL.C, and that this Quantity of A1203 is initially present in the gas phase. ?
i

- S

lectron microscope, and by counting the particles in thne photomicro-
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o
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crishs particie sive distributions were ootained. The particles were spherical so the
corzicle 5iz. anc.ysis was relatively simple. Tor the sazple obtained at 500 psi, 2041

2Te countol waile ar 150 psi the total count was 3180. The resulting particle
2s are .is5tod in Table II. The total particle count at 150 psi was insufficient

TO ¢hIain a zocl szatistical value of Vv.

Experimental Particle Size Averages

Pressure (psi)
500 150

1
' TABLE II

V_o{eT) 0.750 0.0274

vV (’. ) 1305 -
D_(:) 0.588 0.185

!
. D, () 2.39 0.790
|
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(TABLE II CONTINUED)

Pressure {nsi)
200 150

———g

18.0

aY --
v

p_/D 4.07 4.27

Frow Table II, it is seen that the ratio v, /V at 500 psi is 18.0, within 10

227 cent o the thecretical value of 20 predicted by the model when vo is small compared
o Vn. Turchermore, at S50 and 150 psi, values of the ratio Dv/Dn are 4.07 and 4.27,
resrecrively. These values are also within 10 per cent of the predicied value of 4.0.
It appears, therefcre, tiat the special case of the mocel for which v, is all compared
to V_ Cescribes ... exjerimenial €ata very welil. The wmost stringent test of this con-

o
clusion i3 & cowririson of the experimental {requency Iunctions to the theoretical

Zor chamder pressures of 500 and 150 psi, respectively.

for this special case. These Irequency functions are compared in

The solid lines

Tigures o
were ca.cu.ateld Ircn equation {44) using the experizental values of Vﬁ given in Table II.
The IndiviJual points on tae graphs are experimental. Excellent agreement between the

pressure with no

ncluded that ¥ is essentially unity in the chamber,

a5.¢ I. Thoese values for 2, are 2.35x 10

J and 150 psi,

over near.y five orders of magnitude of both

of the excellent agreement between the model and the experimental
o

for this is the only

should opply to the particles leaving the nozzle. Therefore,

size distribution is dependent upon only one arbitrary parameter, no.

have been calculated from equation (45) using the experimental

the propellant and firing conditions listecd in

12 and 4.48 x 1013

for
nuclei/sec, cm at chamber

respectively. Thus, D appears to be a strong function of

decreasing as pressure increases. Consequently, it appears that the

20
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5 process is not homogeneous since homegeneous nucleation rates generally increase

ration of the condensable species, and concentration

The conclusicn that the nuclieation process Is nii homogeneous appears Quite
Toosonable since homogencous nucleation is difficult to achieve in the cleanest of labo-
Taiory systens Lnd, tnerelore, thne probadilicy of it occurring in &8 rocket chamber would

LDpeaT to be smill. Inceed, a.i of the experimental metal combustion studies as described

Sy laristein ond Christensen, Knipe, &nd Gordon incicate that prior to ignition, aluminum

IGTIIslis oare covered by & thin film of oxide which could, in & finely divided state
Troviie an LmpLe nunler of heterogeneous nucieation sites. However, exactly how these

nuclel are formod Irem the oxice fiiz is difficult to conceive alithough the mechanism of

clated to the fragmentation of burning aluminum particles observed by

iI the noclel wre formed from the oxide film initially coating the aluminum
pariicles, thon, oince tonis oxicde film is formed in the low temperature region adjacent
O the pripellont suricce, it seens reasonable to assume that the nuclei are also formed

in this ze icon I{ znis Is the case, the particle size distribution will be independent
oo the relatively large variation of chamber dlameter which

ceceurrac in Sohpel's Iirings stould have had no effect on the particle size distributions

c¢dbtained. Furthermere, since from Table I, Ce is small compared to Ci’ the simple formu-
laticns Zor V_ and Vv given by eguations (48) and (49) should apply with & equal to unity.

Consegquentiy:

M
v, = f—: (56)

v_= 20 (57)
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l ao¢ the particle size cdistribution to a first approximation should depend only upon the
- ont of cluzinum in the propellant and the number of nuclei formed per gram of pro-
-z2l.ant However, even if the above assumptions are correct, mn will still be an unknown

r of the mulel which must be determinod experimentally.

1. Ajreement is obrained between the experimental data and the particle size
edicred by the wodel. The agreemeat extends over -nearly five orders of
t..jnitude ¢f Irequency Zuncticn aand rarticle volume.

2. Trhe particle size distribution for internal burning, cylindricaily periorated,

Sluminized grains s independent of chamber length and possibly chamber diameter, and

(4]
'
v
[N
*
w
gl
[ &
112
4]
0
“
L52]
[
s ]
(g}
(2]
(8
[o]
$)
Ll
(¢}
4]
(ad
<l
4
et
[}
g )
cr
[N
[¢]
[
193
(4]
p
t
®
.
[ N
»n
rt
o}
"
=
[
~
(8
o
o]
[ N
2]
oo
(%S
<
[
o
o
<
.

13
f(v) = —/3——;——273 exp '(GV/Vn) J

' IV. CONCLUSIONS
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